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Abstract 
A raindrop impact power observation system was employed to observe the real-time raindrop impact 
power during a rainfall event and to analyze the corresponding rainfall characteristics. The experiments 
were conducted at different simulated rainfall intensities. As rainfall intensity increased, the observed 
impact power increased linearly indicating the power observation system would be satisfactory for 
characterizing rainfall erosivity. Momentum is the product of mass and velocity (Momentum=MV), which 
is related to the observed impact power value. Since there is no significant difference between momentum 
and impact power, observed impact power can represent momentum for different rainfall intensities. The 
relationship between momentum and the observed impact power provides a convenient way to calculate 
rainfall kinetic energy. The value of rainfall kinetic energy based on the observed impact power was higher 
than the classic rainfall kinetic energy. The rainfall impact power based kinetic energy and the classic 
rainfall kinetic energy showed linear correlation, which indicates that the raindrop impact power 
observation system can characterize rainfall kinetic energy. The article establishes a preliminary way to 
calculate rainfall kinetic energy by using the real-time observed momentum, providing a foundation for 
replacing the traditional methods for estimating kinetic energy of rainstorms. 
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1  Introduction 
Soil erosion by water is the result of soil detachment and transport by rainfall and runoff. Soil loss from 
small plots has been related to the product of rainfall kinetic energy (E) and the maximum 30 minute rainfall 
intensity (I) within a storm (Wischmeier and Smith, 1958) and is the rainfall parameter (EI) used to estimate soil 
erosion in the Universal Soil Loss Equation (Wischmeier and Smith, 1978). 
To measure the rainfall characteristics needed to calculate E is expensive and difficult. A technology that 
could directly measure E would greatly add to the ability to do soil erosion research using both natural and 
artificial rainfall. 
A number of empirical relationships between kinetic energy and rainfall intensity have been developed 
(Zheng et al., 2009; Wischmeier and Smith, 1958; Rosewell, 1986; Uijlenhoet et al., 1999; Bogen et al., 1992; 
Salles et al., 2002; Carter et al., 1974). However, it is difficult to extend those empirical relationships to different 
regions due to differences in the methods of measurement, sample size of the studies, type of sampling, and 
errors and uncertainty (Sanchez-Moreno et al., 2012). A reliable way to measure rainfall energy directly is 
important for future soil erosion studies. 
Scientists have developed high sensitivity recorders and high precision instruments, such as a photoelectric 
raindrop size spectrometer (Mason et al., 1953), balloon-borne instruments and instruments using the wind 
tunnel principle (described in Mason, 2010), Joss-Waldvogel rainfall disdrometer (Kinnell, 1976), force transducer 
(Jayawardena et al., 2000), and others. 
Jayawardena and Rezaur (2000) have introduced an approach using a piezoelectric force transducer to find 
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raindrop size distribution, momentum, and kinetic energy of rainfall at raindrop impact. To establish the rainfall 
kinetic energy-intensity and rainfall momentum-intensity relationships, Sanchez-Moreno et al. (2012) introduced 
an optical laser disdrometer. Both of these instruments were applied to measure single raindrop energy. Applying 
such instruments across a wide intensity range and the range of local weather, including wind, presently requires 
a considerable effort to calculate the kinetic energy of rainfall.  
The objective of this study is to develop and test a system to measure rainfall kinetic energy directly.  
2  Materials and methods 
2.1  Raindrop impact power observation system 
The raindrop impact power observation system was developed by the Nanjing Institute of Soil Science, 
Chinese Academy of Sciences (Yang and Liang, 2010). It is a real-time raindrop impact force observation system 
which contains three elements (Fig.1): a measuring terminal (outdoor section), a control box (indoor section), 
and a computer terminal (indoor section).  
The core innovation in the system is in the design of the measuring terminal. The measuring terminal 
contains a rain cover (50 cm×50 cm), a support structure, rotation axis, transducer, amplifier, spacer, level 
bubble, base plate, and bolt supporting feet. 
 
Fig.1  Diagram of the structure of the raindrop impact power device 
The core component of the instrument is a raindrop induction sensor, which is a strain gauge load cell. 
Under the action of an external force, the elastomer generates elastic deformation, which causes deformation of a 
strain gauge which is adhered to the surface of the elastomer. When deformation of the strain gauge occurs, the 
resistance value changes. This resistance change is converted to electrical signals (voltage or current) completing 
the transformation of the external force to an electrical signal. The measuring terminal component, with its core 
transducer, and a single chip to display and control instruments and storage systems, constitutes the complete 
raindrop impact power observation system. The instrument can measure the raindrop impact force (F, kg m s-2) 
on a unit area in a short interval, with a sampling frequency of 1 to 500 times per second. The system is capable 
of displaying and recording the complete series of measurements for an entire rainfall event. 
2.2  Rainfall simulation laboratory 
The experiment was conducted in the rainfall simulation laboratory in Nanjing Forestry University. The 
rainfall simulation system is made up of a power system, control systems, and a piping system. The spray nozzle 
system is a combination of three kinds of vertical spray nozzles (Fulljet 1/8, 2/8, 3/8) made by Spraying System 
Corporation, which stack into a raindrop injection group. Nozzle specifications are “FULLJET1/8, 2/8, 3/8”. The 
nozzle pressure is controlled by a transducer for accurate control of nozzle flow rates. 
The chosen nozzle produces drop sizes and distributions near those of natural rainfall. The effective rainfall area 
is 5 m×6 m，and the nozzle heights are up to 6 m. Due to the height of the simulator and the initial velocity of drops 
from the nozzle, the drops are at terminal velocity when they impact the test area. Uniformity of rainfall is greater than 
90% over the entire test area. The angle of impact of the drops from the nozzle is vertical. The computer-driven system 
creates reproducible storm patterns that can be varied over arange of intensities from 5 to 150 mm h-1. 
2.3  Experimental procedure 
A rain gauge which measured rainfall intensity directly was located adjacent to the measuring terminal. 
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Rainfall intensity data was also logged by the measuring terminal.A series of rainfall intensities ranging from 
20-60 mm h-1 based on observed rainfall over a 5 year period in the southern red soil area near Yingtan, Jiangxi 
(Zhang et al., 2005) were used for testing the rainfall simulation system. We conducted 20 simulated rainfalls of 
20 minutes length. Of the 20 simulated rainfalls, 9 were lost due to various factors. As shown in Table 1, we 
classified the 11 simulated rainfalls tests with useful data into three intensity levels-low, medium and high 
rainfall intensity. 
Table 1 Rainfall intensity of 11 artificial rainfalls 
Grade Average rainfall intensity (mm h-1) Grade Average rainfall intensity (mm h-1) 
low 17.54 medium 46.95 
low 20.69 medium 54.27 
medium 23.56 medium 55.48 
medium 31.61 high 61.94 
medium 32.82 high 79.02 
medium 45.47 — — 
During the tests, the data in the first and last 2 minutes was unsteady, and was discarded. Every 0.5 s to 10 s, 
the system observed an impact value; the rain gauge recorded the corresponding rainfall intensity. There were 
about 2,300 data points in each of the 11 artificial rainfalls. 
2.4  Data analysis 
The empirical relationship established by Wischmeier and Smith (1958) expressed in Equation 1 can be 
written in the metric system as  
 e=11.897+8.73log10I  (1) 
 
n
i
E e=∑ · iP  (2) 
where I is the rainfall intensity (mm h-1); e is kinetic energy (J m-2 mm); Pi is the precipitation amount (mm); E is 
kinetic energy (J m-2); and n is the number of rainfall periods. 
The kinetic energy calculated by the instrument observation is based on the relationship between E and 
momentum (P), which can be expressed in: 
 E=P2/2/m (3) 
where m is the mass of the raindrops (kg), which is the product of I, time t (s), the density of water ρ（103 kg m-3）, 
and the unit area (m2); P is the momentum (kg m s-1), which equals the product of mass and velocity (m s-1).  
Raindrop velocity was computed using Huang’s (1992) empirical equation: 
 
29.0
50 34.3 ID =   (4) 
where D50 is the raindrop diameter (mm) and I is rainfall intensity. 
Raindrop velocity was based on the raindrop diameter and computed using the following equations (Zhou et 
al., 1981): 
When d＜1.9 mm, the modified Sha Yuqing’s equation was used: 
 
228.32 6.524log0.1 log0.1 3.6650.496 e d dv += × -（ ）-                 (5) 
When d≥1.9 mm, a modified Newton’s formula was used: 
 17.20 0.84 0.1v d d= −（ ）                 (6) 
To calculate the integral value of observation (IV, kg m s-1), we followed the integral formula: 
 ( )di n
i
t
t
IV F t t+= ∫   (7) 
where F(t) is the time-dependent observed impact power value (kg m s-2); the beginning time (ti) and ending time 
(ti+n) is decided by the difference of observed impact power value with no more than 0.01 kg m s-2, that is 
F(i+n) – F(i)≤0.01. 
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3  Results and discussion 
3.1  Relationship between instantaneous impact power observation and rainfall intensity 
Based on a time series, we organized the rainfall intensities corresponding to impact power, removed 
abnormal data, and sorted all the data after summarizing. 
The data were arranged in sets containing similar rainfall intensities with differences no greater than 1 mm 
h-1in a set.There were 71 sets of data ranging from 15.75 mm h-1 to 88.25 mm h-1. As shown in Fig. 2, there is a 
strong linear relationship between impact power and instantaneous rainfall intensity (R2=0.88). This coincides 
with our first idea of the instrument design that with rainfall intensity increasing, the observed impact power also 
increases. This indicates that the raindrop impact power observation system was practical and feasible. 
 
Fig.2  Scatter diagram of impact power and rainfall intensity 
3.2  Relationship between integral value of observation and momentum  
Since the principle of the instrument includes the meaning of rainfall mass and velocity, which factor does 
the observation stands for? Momentum or kinetic energy? Or is there a relationship between them? With these 
issues, we calculated the mass of the raindrops and the velocities of the corresponding raindrops according to 
Equations 4, 5, and 6. Then the impact power was time-integrated based on Equation 7. After collecting 11 
sequences of rainfall, there were 490 sets of data. We averaged the similar accumulated impact powers (with 
difference no more than 0.01 kg m s-2). We had 185 sets of data after abnormal values were eliminated. 
The results showed that under the same rainfall intensity, the integral value of the observations was well 
correlated with momentum (R2=0.35, P=0.000<0.05). The paired sample T test indicated that the difference 
between integral value of observation and momentum is not large (t= –1.632，P=0.104>0.05). The linear 
regression relation between them is shown in Fig. 3. We can see that all the data are around the 1:1 line, as for 
low rainfall intensities, this trend is less significant than that in higher rainfall intensities.  
We established 11 fitted equations respectively, which present the linear correlation to a different degree 
(Table 2).  
Table 2 Linear regression equations and correlation coefficient (R) between integral values of 
 instrument and momentum of 11 artificial rainfalls 
Rainfall intensity
（mm h-1） equation n R 
Rainfall intensity
（mm h-1） equation n R 
17.54 Y=1.085＋0.378X 22 0.46 46.95 Y=0.413＋0.824X 44 0.77 
20.69 Y=0.945＋0.294X 15 0.80 54.27 Y=0.14＋1.024X 49 0.86 
23.56 Y=0.332＋0.882X 26 0.40 55.48 Y=0.814＋0.568X 64 0.59 
31.61 Y=0.024＋0.74X 36 0.87 61.94 Y=0.007＋1.308X 93 0.88 
32.82 Y=0.084＋0.938X 35 0.91 79.02 Y=-0.008＋1.068X 63 0.93 
45.47 Y=0.46＋0.611X 43 0.81 — —  — 
Note: n= number of samples used in the regression analysis. 
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Fig. 3  The relationship between the observed instrument integral values and momentum 
As shown in Table 2, under low rainfall intensities, the linear correlation is less significant than that under 
high rainfall intensities. The linear correlations of the other 9 rainfalls are significant and the coefficients are 
higher than the merged data. To a certain degree, data merging impairs the linear correlation. Generally, as 
rainfall intensity increased, the intercept decreased and the slope increased. At the very highest rainfall intensities, 
the intercept was near zero and the slope was in the vicinity of 1, indicating that the integral value was near that 
of momentum. 
We concluded that the observed impact power from the instrument is different than, but correlated with the 
mechanics-based momentum. Since the paired sample T test shows no significant difference, and the two physics 
parameters include rainfall mass and velocity, we assumed that the impact power observed from the instrument is 
momentum. The difference between them may be due to error from the calculation of the integral value of the 
observations and error from the calculation of momentum, where we used experimental formulas. 
3.3  Comparison between kinetic energy calculated in two different methods 
In the above section, we came to the conclusion that the impact power observed from the instrument is an 
estimate of momentum. On the basis of the linear relationship between them, we revised the observation values 
of the instrument. The revised Fˆ is the momentum. Since the linear regression correlation coefficient of each 
rainfall is higher than the merged one, the revised Fˆ is calculated according to each rain’s linear regression 
correlation coefficient. According to Equation 3, the kinetic energy is calculated. Then, we compared the rainfall 
kinetic energy calculated by two different methods. 
Based on the classic rainfall kinetic 
energy, we averaged the similar energy (with 
difference no more than 0.01 J m-2), and 
compared it to the corresponding kinetic 
energy calculated on the observed impact 
power value. There were 307 sets of datain 
total. The comparison is shown in Fig. 4. 
The paired sample T test under the 
same rainfall intensity indicates that the 
kinetic energy calculated by the two different 
methods are significantly different (t= –17.954, 
P=0.000＜0.05). The mean difference is 
–1.385, standard deviation is 1.35, and the 
standard error is 0.77. As shown in Fig.4, 
the rainfall kinetic energy calculated based 
on the observed impact power value is 
higher than the classic rainfall kinetic energy. 
 
Fig.4  The relationship between different ways 
of calculating kinetic energy 
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Although the two methods are different, we can conclude that the raindrop impact power observation system can 
characterize the rainfall kinetic energy to some extent.  
Does the instrumental measurement overestimate, or the classical method underestimate the true rainfall 
kinetic energy? It still needs further discussion and validation in later experiments. 
4  Summary and conclusions 
This study evaluates a method to calculate rainfall kinetic energy by using real-time observed values, 
initiating a new idea to replace the traditional method, laying a foundation for establishing the relationship 
between raindrop impact power and kinetic energy of rainfall. The results will help in studying the potential 
contribution factors of rainfall kinetic energy to soil erosion, avoiding the indirect mathematics calculation, 
improving the calculation accuracy of rainfall erosivity, and provide a basis for improving soil erosion models 
and soil erosion assessments. 
(1) There is a strong linear relationship between impact power and instantaneous rainfall intensity. The 
raindrop impact power observation system is practical and feasible. 
(2) Under the same rainfall intensity, the integral value of observation correlates with the momentum, which 
is more significant when the rainfall intensity increases. The impact power observed from the instrument is 
related to the physical parameter momentum. 
(3) Although rainfall kinetic energy calculated on the observed impact power value is higher than the classic 
rainfall kinetic energy, they are well correlated. To some extent, the raindrop impact power observation system 
can characterize rainfall erosivity. 
The application of the raindrop impact power observation system is at a preliminary stage. Since the 
relationship between impact power and soil erosion is not established, it will take some time to apply this 
observation to a natural setting. Owing to the restriction of time and experimental conditions, the number of 
observations of simulated rainfall is small and lacks high rainfall intensities. There are no natural rainfall 
observation results currently available. In further research, we will combine the erosion plot locations with 
natural rainfall observation to establish the relationship between impact power and soil erosion and natural 
rainfall erosivity.  
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